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Abstract

Construcción

de túneles y

expansión de rocas triásicas
Part II of this series of paper deals with the

sulfatadas.

phenomenology of swelling in tunnels from Jura

caso de las

Mountains (Switzerland) excavated through the
Gipskeuper and the Anhydritgruppe. The main

Parte II: estudio
Montañas Jura

de

Resumen

features of expansions observed in the presented
case studies are summarized and the performance of

La Parte II de esta serie de artículos trata sobre la

resisting and yielding support systems is compared.

fenomenología de las expansiones en túneles de

Evidences presented in this series of papers indicate

Jura Mountains (Suiza) excavados a través del Gips-

that the transformation of anhydrite into gypsum is

keuper y del Anhydritgruppe. Se resumen los princi-

not a reasonable explanation for long-term expansive

pales aspectos de las expansiones observadas en los

phenomena occurring in sulphate-bearing rocks. It is

casos de estudio presentados y se compara el funcio-

suggested that these phenomena are strongly related

namiento de sistemas de soporte resistente y defor-

to rock degradation due to both tunneling induced

mable. Las evidencias presentadas en esta serie de

drainage towards the bottom of excavations and

artículos indican que la transformación de anhidri-

tunneling induced ventilation.

ta en yeso no es una explicación razonable para los
fenómenos expansivos a largo plazo que ocurren en

Key words: sulphate-bearing rocks, Gipskeuper,

rocas sulfatadas. Se sugiere que esos fenómenos es-

Anhydritgruppe, swelling, tunnel, Jura Mountain,

tán estrechamente relacionados con la degradación

degradation, drainage, ventilation.

de las rocas debido tanto al drenaje hacia el fondo de
la excavación como a la ventilación inducida por la
construcción de túneles.
Palabras clave: rocas sulfatadas, Gipskeuper, Anhydritgruppe, expansión, túnel, Jura Mountain, degradación, drenaje, ventilación.
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Introduction

Case

studies from Jura
Mountains

The characterization of the main phenomenological
aspects of expansions in sulphate-bearing rocks has

In Switzerland tunnels affected by the most severe

an enormous importance to identify the mechanisms

expansive phenomena are located in Jura Mountains

underlying the swelling, their triggering events and

and in the prealpine hills (Grob, 1976). The geologi-

the causes of heave and swelling pressure exhaus-

cal formations involved in these cases are materials

tion. This paper deals with the phenomenology of

from the Triassic (anhydrite-Keuper marl), the Jura

swelling in tunnels excavated through Triassic an-

(Lias, marl of lower Dogger; Opalinus claystone) and

hydritic-gypsiferous claystones from the Anhydrit-

the complex Molasse (marls of the lower and the

gruppe and the Gipskeuper, in particular with the

upper fresh water levels). Figure 23 indicates the lo-

swelling-time relationships.

cation of some tunnels selected for this research in
order to examine the main mechanisms related with

Fundamentals of the principles of resisting and

the swelling of sulphate-bearing rocks combined

yielding support applied to rock swelling affecting

with other expansive clayey rocks.

tunnels are presented and selected case studies —
including tunnels and test galleries, are presented.

Some of these tunnels were affected by expansive

The theme is tackled covering a spectrum of cases

phenomena both during construction and during

initiating with those located in Baden-Württemberg

operation since the late 19th century. The pheno-

(Germany) and concluding with experiences gained

mena, as well as technical solutions for design and

in tunnels from Jura Mountains (Switzerland).

repair of these tunnels were recently compiled and
analyzed by Kovári & Descoeudres (2001) and Ams-

In each one of the exposed cases the most important

tad & Kovári (2001) in two publications sponsored

construction and operation aspects are described

by the Swiss Tunnelling Society, the Federal Route

and their possible effects on rock swelling discus-

Office of Nidwald and NAGRA.

sed. Special attention is given to rock-groundwaterenvironment interaction conditions under which the

Hauenstein Base

tunnel

compiled phenomenology was observed as well as to
indicators of chemo-mechanical degradation of im-

During construction of Hauenstein Base railway tun-

plicated rocks.

nel vertical displacements up to 1000 mm were measured in the zone excavated through the Gipskeuper;

This work is the result of comprehensive analyses

however, no important movements were observed

of data on tunneling in Germany and Switzerland

in the zone of Opalinus claystone (see figure 24).

that were carried out as a part of the research project

Opalinus is an overconsolidated medium-activity

“Anhydritic Claystones and their Impact on Public

claystone in with mixed layer clays and illite are the

Works”, developed by the consortium CIMNE-De-

main components of the fine fraction. High quartz

partment of Geotechnical Engineering and Geoscien-

content (30%) is usually reported in this material

ces (UPC) with the financial support of the Spanish

(Einstein, 2000). Opalinus claystone is known to be

Ministry for Infrastructures.

an expansive clay rock if it is initially unsaturated
and it is subjected to water saturation. Information
on the hydrogeological regime in the rock massif of
Hauenstein Base tunnel is, unfortunately, unknown.
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Figure 23. Location of main tunnels excavated in sulphate-bearing rocks in Jura Mountains (after
Madsen et al., 1995).

Figure 24. (a) Standard cross-section in Hauenstein Base tunnel. (b) Floor heave during
construction (original Figures by Wiesman, 1917; modified after Amstad and Kovári, 2001).
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Only one year after tunnel opening, damage became

nel, in Bözberg information on the hydrogeological

evident in several sections in the tunnel lining due to

regime in the rock massif is unknown.

swelling, leading to initial refurbishments between
1919 and 1923. During operation until the end of the

Abutments in some sections were reconstructed

70’s, swelling in the Gipskeuper led to heave in the

several times and invert-arches were built between

tunnel floor averaging 1 cm/year, particularly in sec-

1903 and 1905. Einstein (1979) indicates that the

tions with flat-slab (Kovári & Descoeudres, 2001).

concrete of inverts were rapidly destroyed by the

Bözberg

attack of highly sulphated water and that these failu-

railway tunnel

res were associated with the destruction of the drainage channel. Measurements taken during a period

The Bözberg tunnel was constructed between 1871

of 31 years since 1923 showed a maximum heave

and 1875. It has a length of 2.5 km and crosses a se-

rate of 14 mm/year in the Gipskeuper. The increase

ries of expansive materials varying from the Triassic

of displacements was practically linear with time (fi-

to the Tertiary ages, as illustrated in figure 25a. This

gure 25b). Between 1963 and 1967 new invert-arches

figure clearly shows the dependence of swelling phe-

were constructed in zones affected by the strongest

nomena on the type of rock. As in Hauenstein tun-

vertical displacements.

Figure 25. (a) Geological longitudinal section of the Bözberg railway tunnel. (b) Evolution of heave
in materials involved in tunnelling (Grob, 1976).

Belchen

tunnel

Expansive phenomena during construction of the
two tubes of Belchen tunnel were analyzed in detail
by Prof. Grob and co-workers at ETH in the early 70’s
and by Einstein (1979) at MIT. Excavation involved
mainly the Gipskeuper and the Opalinus Claystone,
as illustrated in the longitudinal geological profile of
the tunnel presented in figure 26. The two tubes of
Belchen were constructed according to the principle
of resisting support by excavating the invert drifts
and then enlarging them to the full cross section.

Just after the excavation swelling phenomena caused
the failure of inverts. Figure 27 illustrates the heave
measured during construction (1963-1967) in both
the drainage pipe and the floor (Grob, 1972, 1976), as
well as the conditions of both structures as a result
of the swelling. After its failure, the invert (or countervault, as it is called by Grob, 1972) raised 120 mm
within 8 days and 400 mm within months (Kovari
and Descoeudres, 2001). The drainage pipe exhibited also significant swelling in Opalinus claystone
and other formations.
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Swelling in clayey materials often presents a maxi-

was generated during hydration of the clay as a re-

mum value after saturation and this could be an

sult of leakage from the drainage pipe. After cons-

interpretation of the phenomenon observed in the

truction of the invert on a deformed foundation

zone of Belchen excavated in Opalinus claystone

material additional swelling was supported by the

after invert construction. The maximum swelling

rigid base.

Figure 26. Geological longitudinal section of Belchen tunnel (Kanton Basel-Landschaft info-site).

Figure 27. Belchen tunnel (1963-1970): (a) heave and failure of the drainage pipe before
construction of the invert, (b) heave and failure of the original invert during construction (original
Figures by Grob, 1972, 1976; modified after Amstad and Kovári, 2001).
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A new invert-arch with a radius of R = 10.4 m and

Gipskeuper and Opalinus claystone is close to one

a thickness of t = 0.45 m was constructed after the

order of magnitude.

first expansive phenomena were detected; however,
it was sheared off shortly after construction and a

An extensive study of the heave affecting Belchen

further 600 mm of invert heave occurred. This requi-

tunnel began in 1986 to check the conditions of the

red the construction of another cross-section with an

foundation material eighteen years after construc-

invert-arch having a radius of 8.12 m and a thickness

tion (Kovári & Amstad, 1993). Unfortunately, swe-

of 0.85 m (Einstein, 1979) (see figure 28). Instrumen-

lling pressure was not measured during the monito-

ted sections were equipped with load cells between

ring program. The result of observations by means of

the invert and the rock, as well as within the con-

sliding micrometers revealed that swelling was acti-

crete. These data —reported by Huder and Amberg

ve in some sections in the Gipskeuper almost until

(1970) and Grob (1972)—, are presented in figure 29.

1995 —just six years before the latest repair works,

The difference between the pressures measured in

initiated in 2001 and finished in 2003— (figure 30).

Figure 28. Standard resisting support cross-section with 0.45 and 0.85 m thick inverts in
Belchen tunnel

Figure 29. Total radial pressure in the reinforced invert-arch of Belchen tunnel (t = 0.85 m)
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Figure 30. Extensometer measurements in two sections of Belchen tunnel located in the
Gipskeuper (modified after Amstad & Kovári, 2001). (a) and (b) show the strains within the rock
measured in chainages 0.269 and 1.540 km, (c) shows the development of swelling strains in
time at some particular locations in (a) and (b).

Damage affecting Belchen tunnel during operation

before the latest repair works, as illustrated in figu-

were unequivocally related with the interaction bet-

re 31. The same phenomena were detected during

ween sulphate-rich water and the atmosphere into

construction of Bözberg road tunnel, as pointed out

the tunnel. Werder (1989) pointed out that sulpha-

by Kovári & Descoeudres (2001). Very high sulphate

te content in groundwater from the Belchen rock

and chloride rich water was detected in some de-

massif is 1290 ppm. In this sense, the role played by

posits and crystal growth caused local instabilities

construction joints and other unsealed fissures was

in segmental rings of the lining (see figure 32). The

the determining factor in crystallization of gypsum

origin of this water was associated with a very old

into these structural discontinuities. This hypothe-

deep-lying groundwater capable of generating a flow

sis is confirmed by observations in the tunnel just

of about 10 L/min.

Figure 31. Damage of Belchen tunnel during operation between 1970 and 2001. (a) Type of
damages affecting the standard cross-section. (b) Crystal growth in fissures caused by vault
cracking and abutment spalling (images from Bundesamt für Strassen - Switzerland).

Tunnelling and swelling in triassic sulphate–bearing rocks.
Part II. Case studies from Jura Mountains / 45

Revista Épsilon N.º 12 / enero - junio de 2009

Figure 32. Crystallization of sodium sulphate and calcium chloride between segmental rings in
Bözberg road tunnel (Kovári & Descoeudres, 2001).

Adler

tunnel
and is summarized as follows. In the central part the

The 5340 m long Adler tunnel forms part of “Railway

Opalinus claystone —with mixed-layer clayey mine-

2000 Project” and bypasses the present lines between

rals (illite/smectite)—, occur in the overburden and

Basel and Liestal. The occurrence of expansive rocks

the north portal is located completely in this rock.

in the tunnel has been studied in detail by Hauber

1095 m of the central part are located in the Gips-

et al. (2000), Meyer (2001) and Noher et al. (2006),

keuper (see figure 33).

Figure 33. Geological longitudinal section of the Adler tunnel and construction methods used
during excavation (Hauber et al., 2000).

Adler was designed in according to the principle of

swelling pressure was assumed to be 6 MPa. These

resisting support with a diameter of 12.58 m. To wi-

values were obtained from laboratory tests following

thstand the swelling pressures in clay rocks as well

the Suggested Methods for Laboratory Testing propo-

as in the Gipskeuper two standard circular cross sec-

sed by the ISRM (1989).

tions were defined (Noher et al., 2006). For clay rocks
a maximum swelling pressure of 1.2 MPa was taken

The tunnel was excavated by a TBM in shield and

into account and for the Gipskeuper the maximum

lined with precast elements. This method certainly
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reduces damage caused by excavation; however, in

groundwater at the cutterhead. The same authors po-

order to prevent swelling during construction some

int out that a waterproof seal was laid on the dowel

technical actions were specified (Kovári & Descoeu-

ring in the traffic zone, before the installation of the

dres, 2001): (i) immediate injections of mortar in the

in situ concrete secondary lining, but the invert was

annular gap behind the dowels, (ii) a short ring clo-

not sealed. References to the groundwater composi-

sure time of three months maximum between exca-

tion are only related to their corrosive effect on con-

vation and the complete bearing ring, (iii) removal of

crete.

Figure 34. Standard cross-section for the driven tunnel section (TBM section) (Kovári &
Descoeudres, 2001).

For the tunnel section in the Gipskeuper dowels

acting on the floor dowels, both using pressure cells

with a thickness of 0.9 m were used at the floor. The

(Noher et al., 2006) (see figure 35). Data on pressures

dowels at the side walls and the roof have a thic-

and stresses reported by Noher et al. (2006) are pre-

kness of 0.45 m. In this area 0.45 m cast-in-place

sented in figure 36.

concrete completes the internal lining. Therefore the
thickness of the lining in the Gipskeuper zone is 0.9

A clear tendency to swelling stabilization is observed

m throughout (see figure 34).

in this case and the pressure measured by 15 of the
16 sensors is equal or less than 1.8 MPa. However,

A monitoring program in four sections located in the

Noher et al. (2006) pointed out that one sensor in the

zone of the Gipskeuper (tm 1313, tm 1430, tm 1958

section MQ 1313 showed a pressure of about 4 MPa

and tm 2100) was initiated in 1999. Observations

in 2003. 1 m below the tunnel a different behaviour

consist in deformation monitoring at the dowels,

has been detected: stresses up to 3.8 MPa have been

measurement of deformation and inclination in dri-

measured in the longitudinal direction indicating

llings (toe of drillings is 30 m distant to the tunnel),

the possibility of stress rotation after swelling in the

measurement of the state of stresses approximately 1

active zone. The middle and lower sensors show low

m beneath the tunnel floor and the swelling pressure

values, less than 0.5 MPa, and a decrease since 2003.

Tunnelling and swelling in triassic sulphate–bearing rocks.
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Figure 35. Monitoring sections in the Gipskeuper of Adler tunnel (Noher et al., 2006). GMI:
positions of inclinometer and sliding micrometers, PB: swelling pressure monitoring system, S:
ground stress monitoring station.

Figure 36. Pressure monitoring in the Gipskeuper in Adler tunnel: (a) pressure evolution at the
lining in section MQ 1430, (b) pressure evolution 1 m below the invert in section MQ 1313
(after Noher et al., 2006).
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Conclusions

ubtedly caused unloading and new changes in
suction in the foundation material.

Main general aspects regarding swelling in tunnels
excavated through Triassic SBR can be summarized
as follow:
i.

iv. Heterogeneous distribution of swelling —particularly the distribution of swelling pressure,

Expansive phenomena in SBR far exceed the ex-

even in cases of homogeneous layers of SBR—,

pansivity threshold of most rocks and hard soils,

is a consequence of intrinsic heterogeneity these

which are well-known because of their high ex-

rocks, as well as the result of an erratic configu-

pansive potential (i.e. Molasse marl, Opalinus

ration of the active zone.

clay, Tabuk clay, Al-Qatif clay and other similar). In tunnels excavated through alternations

v.

The active zone seems to be not affected signifi-

of clayey-marly swelling rocks and SBR (i.e.

cantly by the shape of excavation and remained

Hauenstein, Bözberg and Belchen), it became

relatively constant since the beginning of expan-

clear that under similar conditions during cons-

sive phenomena. Consequently, it is reasonable

truction and operation —particularly, under the

to assume that the weathering of the foundation

same ventilation conditions (relative humidity,

material in tunnels excavated in SBR is also li-

temperature and wind velocity) both heave and

mited to a relatively well defined thickness.

swelling pressure in SBR could be up to one order in magnitude greater than in expansive clayey and marly rocks.

vi. After activation —and depending on support rigidity—, either heave or swelling pressures in SBR
evolve at very high rates and, in some cases, an ul-

ii. Long term observations in tunnels reveal that

timate value can not be clearly defined; in contrast

expansive phenomena affect exclusively the

to some clayey rocks, characterized by asymptotic

floor. Abutments and vaults remain unaffected

swelling-time relationships (see figures 37 and 38).

even under strong swelling of the foundation
material. This feature is unequivocally related

vii. Evidences of a cause-effect relationship between

to preferential water flow toward the bottom of

self-sealing mechanisms and attenuation of ei-

excavations, where it is able to wet the material

ther heave or swelling pressure in tunnels with

initially affected by the stress relief or evaporate

resisting support are not available.

due to ventilation. Then, expansion in tunnels
occur preferentially in zones of water accumu-

viii. Even when important quantities of active clayey

lation and rock weathering and not precisely in

minerals are present in the host matrix of SBR (i.

zones exposed only to water flow.

e. Corrensite in the Gipskeuper) —but principally
in spite of the well knowledge on the asymptotic

iii. Swelling is characterized by a sudden activation

expansive behaviour of pure clayey materials—,

immediately after excavation, just when the rock

at field scale it is difficult distinguish between

undergone extreme changes in both confine-

the contribution of the clay expansion and the

ment and suction due to the stress relief and is

expansion due to the transformation of anhydrite

exposed to the environmental agents. This hypo-

into gypsum; if the latter is really possible. Then,

thesis is validated by the important expansive

the validity of this classic approach to interpret

response observed after reconstruction works in

field swelling-time relationships in SBR is open

the south tunnel of Wagenburg, a task that undo-

to discussion.
Tunnelling and swelling in triassic sulphate–bearing rocks.
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Figure 37. Floor heave-time relationships in tunnels excavated through swelling rocks

Figure 38. Swelling pressure-time relationships in tunnels excavated through swelling rocks
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